Ingestible wireless capsule endoscopy (WCE) is the one and only painless, effective, novel, diagnostic technology for inspecting the entire gastrointestinal (GI) tract for various diseases, such as obscure gastrointestinal bleeding (OGIB), tumors, cancer, Crohn's disease, and celiac disease. Since the development of this technology, several companies have made remarkable improvements in their clinical products, but there are still some limitations that relate to the use of conventional wired endoscopy. Some of the major limitations that currently impede its wider application include its inability to repeat the view of critical areas, working time constraints, and poor image resolution. Many research groups currently are working on ways to solve these limitations. Presently, developing the ability to control the movement of the capsule, increasing its image transmission speed, and obtaining high-quality images are the main issues in the research area. A complex capsule with some therapeutic tools for the treatment of diseases of the GI tract also is at the beginning of development for the next generation of an active medical robot. In this paper, we report the status of several activities related to WCE, including improvement of capsule technology, research progress, technical challenges, and key indicators concerning the next-generation, active, medical robot.
Introduction
Angiography, ultrasonography, X-radiography, computer tomography (CT), and magnetic resonance imaging (MRI) are conventional, indirect technologies for examining GI tract diseases, such as obscure gastrointestinal bleeding (OGIB), tumors, cancer, Crohn's disease, and celiac disease. Regrettably, these technologies have low diagnostic yields because of their inability to show the wall of the GI tract. Another typical technology, probe endoscopy, is used for diagnosing diseases of the GI tract, but, in addition to being painful and creating discomfort, it is incapable of reaching some critical locations in the GI tract.
In 2000, Iddan et al. first developed a wireless video capsule endoscopy system [1, 2] that patients could swallow, but its development has been started since long ago. The first attempt at endoscopic examination was conducted in 1806 by Philipp Bozzini. The effective visualization of the GI tract began with the development of typical wire endoscopy, such as rigid-wire endoscopy, flexible endoscopy, and fiberoptic push endoscopy. William Beaumont, an army surgeon, first introduced an endoscope into a human in 1822 and, 30 years later, the effective, rigid-wire endoscope was developed [3] [4] [5] . The use of the rigid-wire endoscope was limited to the curly, upper anatomical area of the digestive path. The flexible endoscope provided a unique solution for that problem, and it led to the development of the fiberoptic endoscope in 1957 [6] [7] [8] . However, in addition to the pain and discomfort they caused, the main problem associated with these enteroscopes was their limited insertion into the GI tract, only reaching as far as the upper portion of the small bowel [9] .
In the 1950s, the first wireless capsule was developed, but it had very limited capabilities in that it could only measure a few physiological parameters of the GI tract, such as temperature, pH, and pressure. This device was known as an endoradiosonder or "radio pill" (sometimes referred to as "gutnick"). The wireless capsule of this 2 International Journal of Antennas and Propagation period was a tiny, swallowable transmitter either with pH, pressure, or temperature sensors that created variations in the L-C oscillator's output frequency of a tiny transmitter according to the sensor's output [10] [11] [12] [13] . Heidelberg Medical Inc. in Germany first developed the pH parameter capsule system. This capsule was 15.4 mm long and 7.1 mm in diameter with a battery that had a six-hour lifetime, a radio frequency transmitter, and an electrode, and it was used for diagnosing hypochlorhydria and achlorhydria [14] . Later, the American SmartPill Company developed a medical product, known as SmartPill, which combined those three sensors for measuring pressure, temperature, and pH. The SmartPill is approved by the Food and Drug Administration (FDA). The SmartPill system consisted of four subsystems, that is, (1) the ingestible capsule itself, containing pressure, temperature, and pH sensors, along with a battery and a tiny radio transmitter (with a frequency of 434 MHz); (2) a portable receiver inside a jacket for receiving sensor data; (3) MotiliGI monitoring software; and (4) a receiver docking station [15] .
In 1981, Iddan first developed the concept of wireless video capsule endoscopy to see the wall of the GI tract painlessly, but the state of the development of the required technology deterred the realization of this concept. Fourteen years later, Swain et al. (1997) developed several prototypes of a capsule endoscopy system and successfully conducted a vast number of experiments on postmortem and live pigs [16] . In those prototypes, they used a miniature chargecoupled device (CCD) camera, a video processor, a 10 mW microwave transmitter with a 1.5 cm dipole antenna, a light source, and a battery. In 2000, the introduction of the lowpower, complementary, metal oxide semiconductor-based (CMOS-based) image sensor and ASIC made the video capsule possible [1] . Given Imaging, Ltd. (Yoqneam, Israel) announced the first clinical product, M2A (mouth to anus), for examination of the small bowel, and the product was approved by the US FDA in the same year [17] . Due to the dissimilarities of different areas of the GI tract, Given Imaging, Ltd. launched its esophagus-specific and colonspecific capsules, that is, PillCam ESo and PillCam Colon, respectively. In addition to Given Imaging Ltd., Jinshan (China), Olympus (Japan), and IntroMedic (Korea) made significant improvements in the performances of their own endoscopic capsules. Even so, all of the present capsules that are used move through the GI tract by the natural motility of the tract itself. There is no control of the capsules' movements or camera orientation, which limits the accuracy of medical diagnoses. Along with this, the poor image resolution and low frame rate confine the wider application of the capsules for sensitive detection. Overcoming these limitations and developing the next generation of such capsules with enhanced functionality and control is the objective of present research in this area. The aim of this paper mainly was to indicate promising ways for developing active medical robots along with an overview of present capsule endoscopy systems, including their limitations and the progress of related research. 
Human GI Tract and Capsule System
Knowledge of the architecture of the human GI tract or digestive tract is very important for the appropriate development of wireless capsule endoscopy systems. Figure 1 [18] shows that the human gastrointestinal tract consists of four main parts, that is, the esophagus, stomach, small intestine/bowel, and large intestine or colon. The total length of an adult human's digestive tract is approximately eight meters, with the small intestine, which is approximately 3-4 cm in diameter, comprising 5-6 m of the total length [19, 20] . Because of its complex, curvy structure, the small intestine is the most convoluted part of the digestive path, and conventional endoscopes are unable to pass through it [8, 21] . Conversely, the esophagus is a straight tube that is 25-30 cm in length, and a typical, rigid, wire endoscope can pass through it easily. The third part of the GI tract is the colon, which is about 1.5 m long and has a diameter of about 6.5 cm. Its larger diameter increases the likelihood that the small, bowel-specific capsule could fail to detect potential problems. Due to the anatomical disparities between the different sections of GI tract, developing the capsule arises the diverse complexity, especially for the active capsule's control mechanisms.
The motion of endoscopic capsule systems that are currently being used cannot be actively controlled as they pass through the GI tract. Rather, it passively moves based on the peristaltic motion of the digestive path. This passive capsule system contains three key parts (Figure 2) , that is, the ingestible capsule, a portable image-recording belt or jacket, and workstation computer with image processing software [2, 22] . Some recent capsule systems, such as PillCam Colon 2, use an additional real-time image display to perceive the progress of examination. The endoscopic capsule is an electronic pill of swallowable size that captures images during its transit through the GI tract, processes the images, and transmits the data to the data-receiving unit through the digital, radiofrequency channel [23, 24] . Figure 2 : (a) Endoscopic capsule-1, Optical dome; 2, lens holder; 3, lens; 4, lEDs; 5, COMS imager; 6, battery; 7, ASIC transceiver; 8, antenna [25] . (b) Image recording unit [22] . (c) Workstation [26] .
captured image data to the receiving unit, and two batteries that provide power [25] . In the image-recording subsystem, almost every system uses eight body leads/antennas (except three leads in oesophageal operation and 14 leads in the OMOM capsule system). The body leads are attached to the abdomen and the chest according to the guidelines. These body leads allow the detection of the position of the capsule and continuously receive the signals that indicate the different positions of the capsule [28] . Figure 3 shows the setup of the body leads on the patient's body [27] . In the workstation computer, powerful software is used to process the recorded image. In the software, an advanced algorithm is used to determine the location of the capsule based on the location of the lead, receiving the strongest signal. The algorithm also can detect different color pixels that distinguish the disorders of GI tract [29] .
Present Endoscopic Capsule
Since the development of the endoscopic capsule, some companies have introduced the capsule using different names for use in medical diagnoses for three different areas of the GI tract, that is, the esophagus, the small intestine, and the colon. The first clinical capsule developed by Given Imaging, Ltd. for small bowel diagnoses was called the M2A (mouth to anus) capsule, which later became known as PillCam SB [30, 31] (Figure 4(a) ). The inadequate view angle of PillCam SB precludes a highly sensitive disease detection. The second generation, small-bowel capsule, PillCam SB 2, was developed to overcome the limitations of the first generation, small-bowel capsule. The main difference between PillCam SB and PillCam SB 2 is a three-lens system that is used in PillCam SB 2, powerfully increasing the view angle from 140
• to 156
• , which enables the system to view nearly twice as much area on the surface of the intestine [33] . In addition, it uses four LEDs instead of six, and it has an automatic light exposure sensor that increases the effective life of the battery. Also, in 2010, Given Imaging, Ltd. marketed another capsule system, PillCam SB 2 Ex with manually guided GI scope [34] . PillCam SB 2 Ex was specially designed for patients who have slow anatomical motion, because its power supply can last for 12 h during the procedure. The Given Imaging, Ltd. also introduced oesophageal and colon-specific capsules PillCam Eso (Figure 4 (b)) [35, 36] and PillCam Colon (Figure 4 (c)) [38, 39] which can capture images from both ends at higher frame rate. Likewise PillCam SB 2 the second generation [47] , respectively. The OMOM capsule, which is also approved by the State FDA of the People's Republic of China, minimized the cost up to $235, which is half of the cost of PillCam SB. On the other hand, the image resolution has been boosted up to 1920 × 1080 pixels by using charge-coupled device (CCD) in Endo Capsule system. Rather than using a conventional radiofrequency channel a novel communication technology is used in MiroCam capsule. In this novel communication system (first introduced by Kim et al.) , the human body is used as a communication channel for transmitting the data from inside to outside of the body [50] . MiroCam used Kim's system with the human body as the transmission medium. In this system, the baseband electrical signal was transmitted directly through the body (in a frequency range from 1 to 3 MHz) without any modulation that reduces the power and area consumption by the chip by elimination of the RF parts, such as the oscillator, modulator, and antenna. Unlike using battery, the wireless power transmitter (WPT) technique is used by RF system Lab, Japan and developed Norika ( Figure 5(a) ) and Sayaka ( Figure 5(b) ) capsule system. Because of the intelligent camera placing, the camera view angle of these capsule boomed excellently [24, 49] . Table 1 shows the specification of existing capsule systems.
Limitation of Present Capsules
Compared to push endoscopy, capsule endoscopy is superior in identifying abnormalities in the GI tract and in visualizing the entire length of the small intestine [51, 52] . Even so, present capsule endoscopes do not provide high image resolution and frame rates. Although the limited power is an issue, a highly efficient transceiver chip can boost the data rate with the optimized power. The most concerning limitation is the limited control of the movement of the capsules. The movement of present capsules depend on the natural transit of the bowel, which makes the system incapable of repeated examination of the same area, and the asymmetrical bowel transit (slow or fast) increases the likelihood important information chance not to be detected [53] . In addition, all of the capsules are powered by two coin-cell batteries, and, if transit is too slow for any reason, the batteries may be depleted before the examination is completed [54] .
Research Progress for Next-Generation Capsules
The current research on WCE is focused on the development of miniaturized, multifunctional, medical robots that can overcome the limitations of the current capsule endoscopes. In this regard, research to develop low power, high data rate, mixedmode ASIC, microactuation system, and miniaturized proficient power source is considered to be vitally important for the design and implementation of next-generation endoscopes. In the next-generation capsules, the incorporation of mini-surgical tools and artificial intelligence of the capsules is anticipated, but, due to the technical challenges, extensive research in these areas has not been initiated. However, many research groups throughout the world are working in private research institutes and university laboratories on the different sections of such capsules. In this section, some potential research outcomes are discussed in three subsections that 6
International Journal of Antennas and Propagation A low-power, near-field transmitter for capsule endoscopy was developed by Thoné et al. They used 144 MHz carrier frequency to minimize the attenuation loss, because the attenuation loss increases with the carrier frequency. This scheme reduces the power consume to only 2 mW to transmit the image data at 2 Mbps rate [55] . In order to achieve greater miniaturization of the antenna system, a high-frequency carrier is more suitable. This technique was pursued by Goa et al. to develop an ultrawideband (3-5 GHz), low-power telemetry transceiver system that was designed with 0.18 µm CMOS process within the outer dimension of 4 * 3 mm 2 . This system is able to transmit image data at the rate of 10 Mbps with a 1.8 V power supply [56, 57] . The same design was optimized by Diao et al., who increased the data rate to 15 Mbps at 900 MHz ISM band [58] . Kim et al. fabricated a high-speed, high-efficiency transceiver system using the 0.13 µm CMOS process [59] . This chip used a simple on-off keying transmitter that could transmit the image data at a rate of 20 Mbps using a 500 Mhz RF channel. The entire chip occupied an area of only 1 mm 2 .
The compression of image data is an additional function of the chip that can increase the frame rate through the low data rate transmission channel. Khan and Wahid proposed a low-power, low-complexity compressor for capsule endoscopy [60] . The compressor system is implemented using a 0.18 µm CMOS process in 0.026 mm 2 of silicon area, and it achieved an 80% compression ratio while consuming 42 µW of power. The field-programmable gate array-based (FPGA-based) optimization of capsule design was proposed by Cavallotti et al. [61] . According to their prototype ( Figure 6 ), it is possible to transmit a compressed image at the rate of 19 fps over a 1.5 Mbps channel. A low-power controlling and processing ASIC for capsule endoscopy was proposed by Chen et al. [62] . The ASIC was designed with a high-level miniaturization and power optimization technique that drew only 1.3 mW of power in active mode and zero standby current. Utilizing this ASIC capsule can save up to 45% of its battery power. Moreover, Xiao et al. proposed a novel, compressed-sensing imaging method [63] . This system compresses the data from the image during the capturing phase.
Capsule Actuation System. Actuation of the capsule is the most important issue, because significant improvements
International Journal of Antennas and Propagation 7 and advancements of capsule endoscopy technology are predicated on the development of a highly effective and highly efficient actuation system. Present capsules travel passively through the GI tract by natural peristaltic motion, which does not allow the doctor to control the motion of capsule or the orientation of the camera. The major problem is that doctors are unable to view according to their interest, which most likely is beyond the autonomous view of the capsule. In the open literature, vast categories of actuation mechanisms have been published concerning the control of the motion of the capsule. Some of more significant mechanisms are discussed below.
Shape memory alloys (SMAs) are kinds of alloys that can return to their previous shapes before their shapes were altered by temperature variations. Kim et al. used this principle and developed a pair of SMA springs. These springs, along with microhooks, were applied in endoscopic capsule locomotion and successfully tested in a pig's colon at the speed of 14.7 mm/min for three surface contacts [64] . The same principle was used by Karagozler et al. to develop an SMA spring-based robot with adhesive type legs for crawling motion [65] (Figure 7(a) ), but the bottleneck problem of the SMA-based system requires high power as well as very slow movement.
The four leg-based and eight leg-based locomotion mechanism was tested by Quirini et al. [66] (Figure 7(b) ). One brushless DC motor was used to supply sufficient torque to the four leg-based system, while two motors were used in the eight leg-based prototype. During in vitro testing the eight leg-based prototype achieved a speed of 6 cm/min with a two-degree of freedom (DOF) controlling option. A motor-based 12-leg capsule was proposed by Quaglia et al. [67] (Figure 7(c) ) to increase the effectiveness of locomotion. A paddling-based, autonomous locomotion approach was introduced by Yang et al. [68] (Figure 7(d) ), which attained an average speed of 28.4 cm/min in tests on a live pig under anesthesia. One brushless DC motor with a diameter of 6 mm was used in this system to push the paddle forward.
A different concept using an anchoring mechanism for the capsule's propulsive force was proposed by Glass et al. [69] (Figure 7(e) ). They simulated a mathematical model of a three-legged capsule and found that the system was able to generate a propulsive force greater than 0.27 N.
In order to optimize the size and power consumption of the robotic capsule, some research groups have used an external mechanism combined with an internal mechanism based on magnetic theory. A capsule navigation system (Figure 7(g) ) that used a three-dimensional, external magnetic field was developed by Olympus. The permanent magnet inside the capsule interacts with the external magnetic field and creates a rotating force due to the spiral body structure, allowing the capsule to be pushed forward or backward [70] . Likewise, Gao et al. proposed a selfpropelled capsule system with a magnetic sheet (ø11 mm × ø6 mm × 10 mm) attached to the capsule's outer body and external rectangular and cylindrical permanent magnets (80 mm and 90 mm, resp.) [71] (Figure 7(f) ). A hybrid locomotion system was introduced by Simi et al. that used an external permanent magnet to drag the capsule containing an internal, small, permanent magnet [72] (Figure 7(h) ). Recently, a magnetically actuated, rolling, locomotion-based, soft capsule platform was proposed by Yim and Sitti [73] (Figure 7(i) ) for diagnostic and therapeutic applications. The platform used two internal permanent magnets and a large, external magnet to deform the shape of the capsule and help to release a liquid drug from a 174 mm 3 drug chamber.
Conversely, the concept of electrical stimulation of GI muscle excludes all of the bulky internal and external mechanical components for capsule actuation. Woo et al. [74] (Figure 8 ) proposed a mathematical model of an electrically propelled endoscopic capsule. The proposed model used double pairs of electrodes that had dimensions of 5 × 6 mm 2 for a 5 ms pulse (up to 9 V, 10-40 Hz), which was able to move the capsule at a speed of 2.91 mm/s in the forward direction and 2.23 mm/s in the backward direction.
However, to date, several changed actuation mechanisms have been proposed for propelling the capsule and using some sophisticated option to control the capsule. So far, however, all of these mechanisms have been tested outside the human body due to concerns about the safety of the small bowel and smooth movement. Likewise, due to highpower consumption, these systems were tested using external power supplies. The major technical goal is the successful development and implementation of MEMS. Because all the present capsules are highly integrated and some of them are already hardly swallowable, making space for further tools within the ingestible dimensions is quite challenging. Then again, power is another issue of concern if the features are expanded and the performance is enhanced.
Miniaturized Power Source.
Power is the most critical commodity for the successful development of capsule endoscopy technology, since most of the key characteristics that are required of the technology consume power. Thus, the development of a successful, fully functional capsule depends on the development of stronger, more reliable power sources. Today's capsules generally use two coin-shaped, silver-oxide batteries that can generate 20 mW of power. Other batteries, such as lithium ion polymer (LiPo) batteries, can generate more power, but only silver-oxide batteries have been approved for clinical use.
The alternative to the on-board battery system is WPT technology. RF System Lab was the first to utilize this technology successfully in their capsule systems named Norika and Sayaka, which do not have batteries [49] . The wireless powering system consists of two main parts to transmit power by the induction process, that is, a Helmholtz transmitting coil that must be worn by the patient and a three-dimensional, ferrite-core receiving coil with a rectification circuit [75] (Figure 9 ). The three-dimensional coil is put inside the capsule to ensure power is received efficiently irrespective of the orientation of the capsule. In recent years, there have been many publications in the literature on WPT technology for capsule endoscopy. An inductive power link for powering endoscopic capsules was introduced by Lenaerts and Puers transmitted 150 mW of power [76] . Similarly, power transmission systems were proposed by Carta et al. that provided 200 mW [77] and 330 mW [78] of power. In recent research, the efficiency of this technology has been improved tremendously, and Jia et al. reported the capability of transmitting 500 mW of power, which is more than adequate for an active capsule [79] .
The most common problem with this technology is the variation of the coupling efficiency that occurs when the transmitting and receiving coils become misaligned due to the complex curvatures of the human GI tract. As hypothesized by Soma et al., there are mainly two kinds of misalignments, that is, lateral and angular [80] . Contrarily, the efficiency of the transmission system is related to frequency and intensity of the electromagnetic (EM) waves. A higher efficiency of the system increases the intensity of the EM signal and enhances the absorption of the EM signal by the body tissue, which creates a high risk for the body tissue. Very few safety studies of the WPT system have been reported in the literature. One such study, conducted by Xin et al. [81] , found that the EM waves were safe for the human body when the resonant frequency is 266.5 kHz at a transmitting power of 25 W. However, additional safety studies are required before there can be extensive utilization of WPT technology.
Throughout the world, researchers are now attempting to develop miniaturized power sources for implantable medical devices (IMDs). Three-dimensional (3D), thin-layer microbattery (MB) technology is the state of the art for geometrical energy and power density of battery technology. In 3D MB, the theoretically expected geometrical energy density is 20 mAh/cm 2 , which is 40 times greater than a twodimensional (2D) battery. In 2005, Nathan et al. developed a 3D, thin-film, Li-ion MB at Tel Aviv University in Israel [82] . This prototype battery had an energy density of 1 mAh/cm 2 , a cut-off voltage of 2.2 V, and a footprint of 10 mm 2 . In 2008, in NASA's Jet Propulsion Laboratory, Whitacre and West also developed an MB for IMDs. This battery had extremely low volume (∼1 mm 3 ) and was able to supply a total of 0.7 mAh peek current [83] . Recently, the technology for the fabrication of the 3D battery structure has advanced remarkably [84] , indicating that, in the near future, 3D MBs could become an excellent solution for the power requirements of next-generation capsules.
Another technology that is still progressing in the laboratory is harvesting energy from the human body. Piezoelectric nanogenerators can generate electrical energy from nanoscale mechanical energy. This can convert the body's mechanical energy, such as body motion, blood flow, muscle vibration, and breathing, to electrical energy for body centric devices.
Discussion
The endoscopic capsule has achieved little development in several areas, such as the capsule's lifetime, image resolution, and viewing angle, in individual medical products. But in order to efficiently identify diseases, high-quality images and longer capsule lifetimes are essential. In addition to capsule localization, the development of diagnosis and tissue manipulation tools associated with the capsule is still being pursued. In the open literature, many research groups have proposed diverse techniques for capsule localization. So far, none of them satisfies the two mandatory conditions, that is, the safety of GI muscle and an adequate, low-power supply that can maintain the capsule's activation until the examination of the entire GI tract has been completed. Due to the knotty structure of the human digestive tract, safety is a very important issue in the capsule's localization system. On the other hand, the present capsules are already highly integrated, and there is inadequate space available to install additional actuation mechanisms.
Thus, this paper is focused on two different steps that could lead to the successful development of next-generation capsules that can possess active motion-controlling systems and that can accommodate some additional, advanced features, that is, (1) the development of mixed-mode, multifunctional ASIC with the latest CMOS technology and (2) the design of an MEMS/NEMS-based microactuation system.
Recently, the CMOS technology has experienced extensive, exponential miniaturization of the size of its transistors. Table 2 shows the progress in the development of miniaturization technology. Recently, the Taiwan Semiconductor Manufacturing Company (TSMC) introducing its 28 nm process in 2011 [85] . The 28 nm technology uses high-K metal that increases the gate density by a factor of two and decreases the area of the chip by 50% [69] . In this technology, the chip can operate at very low power (0.6 V) in high-power efficiency mode [86] . The OCA and antennain-package (AiP) are smart technologies that provide the single-chip radio solution. These technologies allow the codesign of the antenna and the radio chip (in micro/nano CMOS technology) into the same high-sensitivity silicon substrate package, which compresses the die area of the radio system [87] [88] [89] [90] [91] [92] . There is a tradeoff between antenna size and performance in terms of operating frequency, that is, the higher (lower) the frequency, the smaller (larger) the size can be. Because of this complexity, the OCA is easier to incorporate in radio systems that have frequencies of 60 Many research groups are working on optimization of chips for the capsule system. The best outcomes for the different functional chips are listed in Table 3 . From the table, all the research carried out for the individual function of capsule and with earlier developed CMOS technology. Clearly, there is a big opportunity to further optimize the whole capsule designing with latest CMOS technology. Therefore, developing the mixed-mode, multifunctional chip (image sensor, image compressor, transceiver, and antenna in a single chip) with the latest CMOS process can be the greatest development. Figure 10 shows the modified architecture of the mixed-mode chip (modified from Chen et al.'s architecture [62] ). The realization of such a design can condense the size of present capsules and create free space for an enhanced actuation system. In addition, the capsule's power consumption can be reduced.
Capsule actuation is still the first and most significant technical challenge standing on the way of the successful development and deployment of medical robots or robotic endoscopic capsules. Among all of the capsule actuation systems proposed by different research groups, the electrical stimulation of GI muscles is one that excludes all of the on-board mechanical components. But in terms of power consumption, the external magnetic actuation system has less power demand. A hybrid capsule actuation system with the combination of electric stimulation and external magnetic actuation could result in a viable solution to the capsule actuation issue. Conversely, the concept of an active medical robot is not only limited by the locomotion concerns associated with endoscopic capsules; it also is a major concern in other applications, including microsurgery, drug delivery, microgrippers, and microsyringes. So the development of MEMS/NEM-based active medical robots must consider these areas of concern in addition to endoscopic capsule localization. This perception is already being addressed by some research projects. One such project is the Vector project funded by the European Commission, which aims to develop an intelligent, endoscopic capsule with micronanotechnology. The Vector project already has developed a capsule that is able to detect blood inside the bowel, and the researchers are still considering and developing the suitable design.
Conclusions
Over the past decade, WCE has become the sole technology for the direct diagnosis of GI diseases because it is painless, noninvasive, and effective. The development of CMOS miniaturization technology made the development of a swallowable video capsule possible. To expand its applicability, the quality of medical images, frame rate, and the lifetime of the capsule must be improved. All of these inadequacies are the result of power supply limitations. Therefore, optimization of the available power in mixedmode, multifunctional ASIC has the potential for providing a viable solution for the present limitations. The development of the mixed-mode multifunction, ASIC, combined with an image sensor, processing unit, transceiver, and antenna, provides a viable approach for compressing the size of present capsules, which is a compulsory requirement for the development of an active medical robot. In the next-generation, active, medical robot, actuation, microsurgery, biopsy, and drug delivery are the most exciting features of the capsule. The development of a MEMS-based actuation system shows promise for allowing the current prototype of an active medical robot to become a viable, functional tool for the diagnosis of diseases of the human GI tract in the future.
